ABSTRACT An uncertainty facility location allocation (FLA) problem is a complex nonlinear optimization problem. Currently, researchers have discussed the stochastic cost/profit issues of FLA. However, rising energy conservation awareness and environmental concerns, energy-efficientcy and low-carbon emission should be regarded as key criteria in solving it. To do so, this paper presents a new FLA problem from a sustainable development point of view. By taking a typical facility service enterprise as a case, a new stochastic energy-efficient FLA model subject to carbon emission, economical, capacitated, and regional constraints is formulated. Then, stochastic simulation and scatter search are integrated as an intelligent algorithm to resolve it. Some examples are demonstrated to prove the availability of the proposed model and solution algorithm.
I. INTRODUCTION
A discrete event system is one of special systems and its state changes at some random/discrete time points. It includes an intelligent transportation system, disassembly system, and facility location allocation (FLA) [1] , [2] . Since FLA issue was first proposed in 1963 [3] , a large number of applications have been developed [4] - [6] , e.g., distribution center. Some models have been formulated and applied, e.g., multi-period location model [7] , [8] , multi-level planning model [9] - [12] , clustering model [13] - [15] , and multi-attribute decision model [16] - [18] . To solve these complex models, some intelligent calculation approaches have been presented [19] - [25] , e.g., combined intelligent optimization approach [26] - [30] , and equilibrium analysis approach [31] .
Moreover, considering the uncertain characterization of an FLA issue, some uncertainty models are been presented [32] - [35] . For instance, our previous work proposed a random equilibrium approach to resolve the FLA problem of a facility service (FS) enterprise for the purpose of minimizing the cost [36] and formulated a multi-objective optimization model for the purpose of minimizing the cost and transportation time [37] , [38] .
According to the above literature review, various models to minimize cost and maximize profit are adopted to locate an FS enterprise under uncertain environments, that is, traditional FLA problems considering no economic sustainability have been well studied and discussed. Key concerns, e.g., the fast-growing economy, environment pollution and energy consumption problems, can greatly impact the sustainable economic growth. To reduce energy consumption and carbon emission, a sustainable FLA issue should be raised and resolved. In addition, some areas are not allowed to locate any service facility because of a government policy or natural environment. The capacity of an enterprise also has an influence on its location.
In summary, this work for the first time establishes stochastic energy-efficient FLA models subject to carbon emission, economical, capacitated and regional constraints. Three con-tributions in this paper are: 1) some environmental criteria, e.g., energy efficiency and carbon emission, are integrated into the problem formation to better describe a location problem. In this case, stochastic optimization is proposed to format it from the aspect of sustainability, which considers the tradeoff among energy efficiency, cost and carbon emission; 2) capacitated and regional constraints are introduced into the location model to better represent some actual constraints; 3) a hybrid optimization method that innovatively integrates stochastic simulation and scatter search (SS) is formulated and compared with Genetic Algorithms (GA).
Section II describes parameters and indices of the constructed models. Section III builds stochastic energy-efficient models for the location problem. Section IV presents the solution methodology. Section V presents a case study, i.e., an FS enterprise of Fushun city in China. Lastly, Section VI summarizes this work and depicts several future problems.
II. PROBLEM DESCRIPTION
In this section, some preliminaries about parameters and assessment indices are given.
The coordinate of the location of the ith FS demand area.
(4) (x j , y j )-The coordinate of the location of the jth FS enterprise.
(5) q ij -Energy/fuel consumption per kilometer from service demand area i to FS enterprise j, with its unit being L/km.
(6) ξ ij -The number of vehicles from service demand area i to FS enterprise j.
(7) r-Emission factor, i.e., the quantity of produced carbon dioxide to light a liter of fuel/energy, and its unit is kg/L.
(8) c ij -Transportation cost per kilometer from AS demand area i to FS enterprisej, with its unit being Yuan.
(9) λ i -Stochastic demand from service demand region i; i = 1, 2, . . . , m; (10) τ j -Capacity of FS enterprise j; j = 1, 2, . . . n; Decision Variables: (1) x j -The horizontal coordinate of the location of the jth FS enterprise.
(2) y j -The vertical coordinate of the location of the jth FS enterprise.
B. ASSESSMENT INDICES
(1) Q-Total transportation energy consumption of customers who require services, formulated as,
where d ij is the distance between service demand area i and FS enterprise j, and d ij is formulated as:
(2) R-The total amount of carbon emissions from customers is defined as,
(3) C-Total transportation cost of customers, defined as,
III. ENERGY-EFFICIENT MODELS OF GREEN LOCATION
According to the above preliminaries, we formulate two newly stochastic energy-efficient models for the green location of vehicle inspection stations subject to carbon emission, economical, capacitated and regional constraints. They are expected value energy-efficient model and chanceconstrained energy-efficient one, which are presented next.
A. EXPECTED VALUE ENERGY-EFFICIENT MODEL
Currently, energy-efficient transportation and low-carbon emission logistics have become important topics [39] . Energy consumption and carbon dioxide produced during transportation and logistics have a large impact on our environment. Thus, energy efficiency and carbon emission should be regarded as main factors in the location process of FS enterprises. Besides considering an economical constraint, one expects to obtain the mean minimum energy consumption of customers satisfying a special carbon dioxide emission condition. Additionally, the regions to construct FS enterprises and their capacity have a large impact on their locations. To handle this problem, an expected value energy-efficient model for the sustainable location of FS enterprises subject to carbon emission, economical, and capacitated and regional constraints is proposed. It is formulated as:
where C and R are special transportation cost and carbon emission quantity of service customers. Equations (6) and (7) are transportation cost and carbon emission constraints for 72758 VOLUME 6, 2018 service customers, respectively. Equations (8) and (9) are demand equilibrium and capacity constraints of FS customers, respectively. Note that regional constraint h(x, y) ≤ 0 forbids locating an FS enterprise in some special area.
B. CHANCE-CONSTRAINED ENERGY-EFFICIENT MODEL
For the actual location process of FS enterprises, one expects to obtain the minimum energy consumption of customers subject to a special confidence level. Additionally, one hopes to satisfy carbon emission and transportation cost constraints with given confidence levels. Also, taking into account the influence of capacitated and area conditions, a chanceconstrained energy-efficient FLA model for the sustainable location of FS enterprises subject to carbon emission, economical, and capacitated and area constraints is formulated as:
where α, β and γ are predetermined confidence levels, respectively. Equations (11), (12) and (13) are probability constraints. Notice thatQ,C andR are regarded as min{Q Pr{Q(x, y, ξ ) ≤Q } ≥ α}, min{C |Pr{C(x, y, ξ ) ≤ C} ≥ β} and min{R |Pr{T (x, y, ξ ) ≤R} ≥ γ }, respectively. They are specific energy, cost and carbon emission subject to given confidence levels, i.e., α-energy, β-cost and γ -carbon emission, respectively.
IV. PROPOSED ALGORITHMS
A probabilistic function is usually assessed via Monte Carlo simulation [40] - [45] . SS, as a kind of swarm intelligence algorithms, has effectively solved many complicated optimization cases because of its excellent optimization and fast convergence abilities [44] , [46] - [51] . Thus, this work formulates a combined optimization approach integrating Monte Carlo simulation and SS to resolve two newly energyefficient FLA models.
A. MONTE CARLO SIMULATION
To resolve the newly energy-efficient FLA models, the following two functions, i.e., expected value function U 1 and chance-constraint function U 2 , must be conducted:
Algorithm 1 is introduced to calculate U 1 . Similarly, E(C) and E(R) can be calculated. Algorithm 2 is introduced to calculate U 2 .
Algorithm 1 The Calculation Method of U 1
Input:
If (I is feasible) Then (4) Calculate total energy consumption Q of customers according to their Q value as calculated via 1.; (5) Else (6) Delete I ; (7) i + +; (8) End While; (9) Calculate the average value of obtained N samples of Q, namely E(Q) is obtained.
Algorithm 2 The Calculation Method Of U 2
If (I is feasible)Then (4) Calculate total energy consumption Q of customers according to their Q value as calculated via 1.; (5) Else (6) Delete I ; (7) i + +; (8) End While; (9) Set N as the integer part of α * N . (10) Return the N th largest element of the cost set, namelyQ is obtained.
B. SCATTER SEARCH (SS) ALGORITHM DESIGN
This work adapts SS to handle this proposed energy-efficient model. It contains five tasks and detailed contents are descried next.
1) GENERATING INITIAL SOLUTION SET
Generally, as the number of operations grows, the number of solutions increases rapidly. Some of generated solutions may not satisfy some constraints. They should be regenerated. The procedure to do so is presented in Algorithm 3. Note that initial solution is described by taking two stations as an example.
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Algorithm 3 The Generation Method of Initial Solution Set P
Randomly generate the coordinate of the first station i.e.,
Randomly generate the coordinate of the second station. i.e., s 2 = (x 2 , y 2 ); (4) Construct the initial solution I = (s 1 , s 2 , . . . , s n ); (5) If (I is feasible)Then (6) Insert I to the initial solution set P; (7) Else (8) Delete I ; (9) i + +; (10) End While;
2) GENERATION OF REFERENCE SET
A reference set consists of two subsets. One is a high quality subset, called B 1 , and the other is a subset of diversity solutions, called B 2 .
The distance between two individuals is defined as follows:
where p j (I i ) and p j (I k ) represent the coordinate of individuals I i and I k , respectively. j = 1 represents the horizontal coordinate of I i and I k , respectively; j = 2 represents the vertical coordinate of I i and I k , respectively; Additionally, |B 2 | solutions with the maximum distance D(I i , θ ) from the current reference set are chosen from P.
where θ expresses the current reference set, and D(I i , θ) represents the distance between I i and θ . Algorithm 4 is adopted to produce a reference set.
Algorithm 4
The Generation of Reference Set Input: 
3) COMBINATION OPERATOR OF SUBSETS AND SOLUTIONS
A subset is constructed that integrates two solutions of reference set θ . Algorithm 5 presents a combination operation: 
Generate random number p∼N (0,1); (8) i + +; (9) End While;
4) LOCAL SEARCH OPERATOR
In this work, local search operators are adopted to handle feasible and infeasible solutions and the related procedure is shown in Algorithm 6.
Algorithm 6 Solution Improvement Method via Local Search Operator
Generate random number p∼N (0,1);
In Algorithm 6, I 1 represents an initial solution, I 2 represents the guiding solution stochastically that is produced from the initial solution and I c is a new solution. Also, the maximum iteration count of local search is set as MaxIter.
5) UPDATE REFERENCE SET
This work uses a dynamic method to update a reference set since it reflects the ties and features of a dynamic evolution procedure [52] . Its description is given in Algorithm 7.
6) TERMINATION CRITERION
The maximum iteration count (g max ) is regarded as a termination condition of the algorithm, i.e., when it is attained, the solution which is the best one found by the algorithm, is output. 
C. HYBRID ALGORITHM
According to the above description, the procedure that integrates Monte Carlo and SS has the following steps in Algorithm 8.
V. CASE STUDY
In this section, a case study, i.e., an FS enterprise (vehicle inspection station) in Fushun, China, is applied to verify this model. The layout and coordinates of this city which contains five areas are presented in Fig. 1 . To simply the calculation process, their coordinates are translated as shown in Table 1 . In addition, the number of vehicles and the energy consumption per kilometer of each demand area are listed in Table 1 , where,Norm(µ, σ 2 ) represents a normal distribution [36] . The carbon emission factor r and transportation expense per kilometer c are set to be 2.7 kg/L and 2 Yuan, respectively.
To run the algorithm, the parameters are set as follows: the population size Pop is 100, |B 1 | = |B 2 | = 10, MaxIter=20,
Algorithm 8 The Process of Hybrid Algorithm
Input: Output: I Procedure hybrid algorithm ( , I ) (1) Start with P = ∅. Use Algorithm 3 to construct a solution and apply the improvement method, If / ∈ P (P = P ∪ ), otherwise, discard . Repeat this step till |P| = PSize; (2) Use Algorithm 4 to build θ = {s 1 , . . . , s b } with the ''best'' |B| solutions in P. Order the solutions in θ according to their objective function value such that s 1 is the best solution and s b the worst. Make NewSolutions = True; (3) While (NewSolutions) do (4) Generate NewSubsets with the subset generation method. Make NewSolutions=False; (5) While (NewSolutions = ∅) Do (6) Select the next subset in NewSolutions; (7) Apply Algorithm 5 to obtain one or more new trial solutions . Apply Algorithm 6 to improve ; (8) Apply Algorithm 7; (9) If (θ changes) then (10) Make NewSolutions=True; (11) End if (12) Delete from NewSolutions; (13) End While; (14) End While; and g max is 100. The number of Monte Carlo simulations is 3000. Additionally, the hardware of running algorithms is Pentium IV (2.66GHz/2.0G RAM) PC.
Example 1: One expects to construct two vehicle inspection stations with the objective of minimizing average energy consumption of customers. The following area constraints should be met, i.e., x 2 +y 2 ≤3.5×10 7 and x 2 +y 2 ≥1.6×10 7 . Meanwhile, the average total transportation cost and carbon emission cannot exceed 2.3×10 5 Yuan and 2.5×10 4 kg, respectively. In addition, set τ 1 = τ 2 = 10. The model is VOLUME 6, 2018 shown as follows: Example 2: One is interested in locating two automotive inspection stations with the objective of minimizing energy consumption of customers given confidence level at 0.9. The following area constraints should be met, i.e., x 2 +y 2 ≤ 3.5× 10 7 and x 2 + y 2 ≥ 1.8 × 10 7 . Furthermore, the transportation cost and carbon emission cannot exceed 2.0 × 10 6 Yuan and 2.1 × 10 5 kg, respectively. In addition, set τ 1 = τ 2 = 10, α = 0.9, β = 0.9 and γ = 0.9. The model is shown as follows:
h(x, y) ≤ 0, x ∈ (x l , x u ), y ∈ (y l , y u ) (36) After the solution methodology is executed, the results can be obtained as From Figs. 2 to 3 , we find that the location of these two FS enterprises is legitimately located. Additionally, they satisfy area constraints. Thus it verifies that this proposed approach is effective to handle random energy efficient models for locating FS enterprises.
In addition, to verify the reliability of this solution approach, the results of Example 1 with different SS parameters are listed in Table 2 .
From Table 2 , the maximum relative error is 0.91%, which represents that this proposed approach is highly satisfactory when it is applied to handle the stochastic energy efficient model.
A comparison between this approach and the existing GA method is conducted to further verify this proposed approach. Note that the same encoding measure, decoding rules, parameters and objective function evaluation are applied in these two methods. Its results for Example 1 are listed in Table 3 .
From Table 3 , some conclusions can be summarized that the solutions of these two methods are basically consistent, which represents that this proposed approach is reasonable and effective to handle the stochastic energy efficient problem. Furthermore, after the models have been executed for the same amounts times, the average value of the obtained solutions from the proposed methodology is 8795.94 L, while the average value from GA is 9250.6 L. This shows that the proposed algorithm can achieve effectively the better solution for the location problem than GA. In summary, this presented methodology is feasible to handle random energy-efficient models of sustainable location of FS enterprises subject to carbon emission, economical, capacitated and regional constraints. This work has presented some new models and effective approach to resolve a green/sustainable FLA problem.
VI. CONCLUSIONS
A sustainable facility location can cause a large and positive impact on sustainable social development. a) This work for the first time proposes to construct stochastic energy-efficient approaches to sustainable location of FS enterprises subject to carbon emission, economical, capacitated and regional constraints. They are called expected value FLA model and chance constrained one. b) A hybrid solution methodology that integrates Monte Carlo simulation and scatter search is designed to solve them. The results demonstrate the feasibility and effectiveness of using it to solve stochastic energyefficient models. c) The results can be used to guide decisionmakers in making better decisions when facing location problems of transportation facilities or AS enterprises from a sustainable development perspective.
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